Abstract-The interaction between polyelectrolyte complexes formed by a linear polyelectrolyte and a den drimer or a spherical particle with the opposite charge has been investigated via computer simulation. The influence of the compositions of the complexes on the effective force of the interaction between them has been studied. It has been shown that the effective attraction between the complexes appears at short distances in the vicinity of the isoelectric point. This attraction is correlative in nature and stronger for the complexes of the linear polyelectrolyte with spherical particles than for the complexes with dendrimers.
INTRODUCTION
Dendrimers containing ionizable groups are known to form complexes with oppositely charged polyelectro lytes in water and aqueous salt solutions. In particular, it was shown [1] [2] [3] [4] [5] [6] [7] [8] [9] that polyphenylene pyridine den drimers with alkylated pyridine groups can form soluble complexes with synthetic polyanions or DNA.
It is assumed that this property can be used to transfer genetic material (DNA or RNA) into cells of living organisms [1] [2] [3] [4] [5] [6] [7] [8] [9] ; therefore, a theoretical inves tigation of such systems is not only of purely scientific interest but also of practical interest. In several previ ous studies [10] [11] [12] [13] [14] , simplified "coarse grained" models were used to simulate interpolymer complexes formed by a dendrimer with charged terminal groups and an oppositely charged flexible polymer chain. One of the main results was the effect of dendrimer charge inversion by complexation. The dendrimer in the complex adsorbs a part of the chain with a charge that greatly exceeds the charge of the dendrimer. The charge inversion effect was theoretically predicted in [15] for the charged sphere model. The most famous experimental demonstration of this effect is the for mation of nucleosomes in chromatin due to the com plexation of a positively charged histone with nega tively charged DNA [16] .
If there is no condensation of counterions, the charge inversion is associated with the so called corre lation effect, which arises from the fact that the oppo sitely charged chain is arranged in an ordered manner on the surface of the sphere. As a result, the surface of the sphere becomes nonuniformly charged and the potential energy of the complex with the inverted charge lies below that of the complex in which the excess charge of the linear polyelectrolyte (LPE) is not adsorbed. When charge inversion reaches a certain degree during a further increase of the LPE chain length, the adsorbed charge sharply decreases to form a tail of unadsorbed monomer units.
In previous studies [10] [11] [12] [13] [14] , it was shown that the correlation theory satisfactorily predicts both the mag nitude of charge inversion and its dependence on the dendrimer size and the charge of dendrimer complexes with LPE if the dendrimer is considered a certain effec tive sphere with a charge distributed over the surface. The main difference between the results for the com plexes produced by the dendrimer from the results for the complexes with the sphere was the smeared region of the transition from the mode of fully adsorbed LPE to the mode of the complex with the tail.
Correlation effects determine not only the struc tures of individual complexes, but also the aggregation stability of the dispersion of the complexes. Evaluation of the aggregation stability is particularly important in the case of polyelectrolyte complexes used for gene or drug delivery. It is obvious that the stability will depend on both the chemical compositions of the components and the ratio between the dendrimer and linear poly electrolyte charges. The aggregative stability of the particles can be evaluated through consideration of the interaction between the individual complexes.
The interaction between neutral and charged den drimers has been considered in several papers. In [17, 18] , with the use of simple models of a dendrimer in an athermal solvent, it was shown that dendrimers with like charges are repelled in the presence of univalent counterions in the system. The introduction of diva lent counterions significantly decreases the repulsion. A further increase in the counterion charge even led to attraction between like charged dendrimers as a result of correlation interaction.
While studying a system consisting of a long poly electrolyte chain and several charged spheres, Nguyen and Shklovskii [16] showed that the correlation effects can manifest themselves not only in the structuring of the complexes but also in their interaction. Near the isoelectric point, at which the complexes are neutral, i.e., the total charge of the spheres in the complex is equal to the charge of the LPE, attraction between the sphere-LPE complexes arises, although some uncharged spheres and monomer units of the chain undergo mutual repulsion. The attraction is operative not only at the isoelectric point proper-at which the total charges of LPE and spheres counterbalance each other-but also in a certain interval near this point. The width of the interval in which the attraction between the complexes is observed increases with an increase in the salt concentration in the solution (a decrease in the Debye length). The cause of the attrac tion is heterogeneity of the polymer charge distribu tion on the surface of the sphere. As a result, the "over charged" areas on one sphere are attracted to the "undercharged" areas on the other and an effective attraction between the complexes arises. This effect is responsible for its so called re entrant condensation, which is observed in a solution of charged colloidal particles when a linear polyelectrolyte is added to the solution. Quite large aggregates appear in this case (for example, see [19] and references therein).
Truzzolillo et al.
[20] used a Monte Carlo simula tion to investigate the interaction between the com plexes formed by charged spherical particles and oppositely charged linear polyelectrolytes. Electro static interactions were described in terms of the Debye-Huckel potential, which takes into account the presence of the salt and the counterions in the sys tem in an implicit manner through the Debye screen ing radius. It was shown that the transition from repul sion to attraction occurs at short distances as the adsorbed charge-sphere charge ratio increases. The attraction increases with a decrease in the screening radius, i.e., with an increase in the salt concentration.
As in the case of a single complex, a question arises as to what extent the findings for the sphere-LPE complexes apply to the interaction between den drimer-LPE complexes.
In this study, by using the stochastic dynamics method, we studied the interaction between two com plexes, each being formed by a dendrimer and an oppositely charged linear flexible chain polyelectro lyte. For comparison, the interaction of complexes that contain a sphere instead of a dendrimer with the same charge and radius was considered. In contrast to cited study [20] , here, the counterions were intro duced explicitly in both systems. It was shown that effective attraction due to correlation effects arises between like charged complexes in both cases. How ever, these effects are manifested markedly weaker for the dendrimer complexes.
MODEL AND METHOD
The dendrimer and polymer chain models used in this study are similar to those used previously to study polyelectrolyte complexes with explicit consideration of the presence of counterions [21, 22] . Both polymers (dendrimer and chain) are composed of monomer units: "beads" of mass m connected by rigid rods of length l. These variables will subsequently serve as units of mass and length, respectively. Without loss of generality, we assume that the dendrimer has a positive charge and that the LPE monomer units have negative charges. Each unit of the chain bears elementary charge -e, which is used as a unit of charge. In the dendrimer, only the end monomer units are charged, having charge e. For the g = 3 dendrimer, the length of the spacer between the branch points is s = 1. The total number of monomer units in the dendrimer is N d = 46, and the number of terminal units, N t = 24, is equal to the total charge of the dendrimer. The chain length of LPE and, correspondingly, its charge were varied from N ch = 10 to N ch = 50. Thus, in this study, we consider both the complexes containing a linear polyelectrolyte in an amount insufficient to neutralize the charge of the dendrimers and the complexes containing the lin ear polyelectrolyte in excess. The structures of the simulated polymers are schematically shown in Fig. 1 .
Along with the complexes formed by the LPE and the dendrimer, complexes formed by spheres of the same size and charge as those of the g = 3 generation dendrimer were investigated. The procedure for selecting the radius of the equivalent sphere, r s , is described below.
In addition to the macroions, smaller particles cor responding to counterions with the unit charge formed by the dissociation of polyelectrolytes in solution are present in the system. The total number of positive counterions is N t and the number of negative counte rions is N ch , so that the considered systems are neutral overall. In the simulation, excluded volume and elec trostatic interactions were taken into account. The excluded volume interactions between particles in the system were described by the repulsive term of the Lennard Jones potential [23] modified to rationalize the interaction of "hard core" particles:
(1)
